ABSTRACT: Regio and stereos elective insertion of the terminal ethynyl functions of 4 ethynylstilbene, the E and 2 isomers of 4,4' bis(ethynylphenyl)ethene and a backbone rigidified cyclohexenyl derivative of the 2 isomer into the Ru-H bond of the complex RuC1H(CO)(pipr3)2 provides the corresponding vinyl ruthenium complexes, which have been characterized spectroscopically and by X ray crystallography. Large red shifts of the UV /vis absorption bands evidence efficient incorporation of the vinyl metal subunit( s) into the conjugated Jr system. All complexes oxidize at low potentials. The various oxidized forms of all complexes were generated and characterized by UV /vis/NIR, IR and EPR spectroscopies. These studies indicated electrocatalytic 2-7 E isomerization of the oxidized 2 distyrylethene complex Ru Z2, which is prevented in its backbone rigidified derivative Ru Z2fix. The radical cations of the E and the configurationally stable cyclohexene bridged 2 derivatives are spin delocalized on the EPR time scale but charge localized on the faster IR time scale. The degree of ground state charge delocalization in the mixed valent state has been quantified by the incremental shifts of the Ru-CO bands upon stepwise oxidation to the radical cations and the dications and was found to be remarkably large (19% and 9%) considering redox splittings AEI /2 of just 49 or 74 mY. QlJantum chemical studies with various levels of spphistication reproduce our experimental results including the electronic spectra of the neutral complexes and the intrinsically localized nature of the radical cations of the dinuclear complexes.
Introduction
Stilbenes and their more extended, conjugated congeners constitute an extremely important class of compounds with applications e. g. as strong UV absorbers in sunblockers, as two photon absorbing materials I and as molecular conformational switches/ whose switching properties and performances can be altered by metal coordination. 3 They also constitute an integral part of phenylene vinylene based oligomers and polymers (so called OPVs and pPVs) that become electrically conducting on doping with a suitable oxidant or reductant and thus belong to a class of compounds dubbed as "synthetic metals".4 Stilbenes are also noted as testing grounds for probing the consequences of structural distortions and oxidation/reduction on their IR and UV /vis spectroscopic properties,S and for experimental and quantum mechanical descriptions of molecular reorganization in the photo or electron transfer triggered 2/ E isomer ization. s d ,6 Moreover, stilbenyl linkers have recently become popular as bridges spanning terminally appended redox active moieties.' This is done with the hope that their conformation dependent degree of Jr conjugation might allow one to exert control over the electronic coupling between the terminal redox sites in the mixed valent (MV) states.
Jr* absorptions and sizable cathodic shifts of the oxidation and reduction potentials when compared to the parent organic chromophore or electrophore. loa -f ,12 Just like ethynyl ruthenium units such as X(dppe)2Ru-C=C-or Cp*(dppe) Ru-C=C-, they actively partic~ate in oxidation processes, but without dominating them. I a-f,12h,; A5 a consequence, monoxidized radical cation complexes [(AryI-CH=CH)RuCI (CO) (PR3)2L 1 0+ retain most of the positive charge and of the unpaired spin on the styrylligand. In addition, the RuCl( CO) (PR3)2L tag offers the intense and characteristic Ru-CO stretch as an IR label in a spectral region that is unobstructed by most other molecular vibrations. The shift of v( CO) upon oxidation is a sensitive probe for the loss of electron density from a metal carbonyl unit and, in mixed valent (MY) diruthenium systems, of the strength of the electronic coupling between them on the vibrational time scale. 13 This renders an assignment of MY systems to either Class II or Class III within the Robin and Day classification scheme 14 and the measure ment of ground state delocalization more straightforward and accurate than the usual analysis based on the interpretation of their intervalence charge transfer (IVCT) band(s). The latter procedure frequently suffers from ambiguities in assigning IVCT bands as such or extracting them from overlapping metal to ligand, ligand to metal (MLCT, LMCT), Jr -+Jr* or ligand field absorptions and from uncertainties about the effective charge transfer distance needed in that analysi s. lOa, c, d, f, 12; , 15 The latter tends to be substantially smaller as the center to center distance between the nominal charge bearing units, particular when the charge is delocalized onto the connecting bridge. 8d ,16
Here we present an in depth study on vinyl ruthenium complexes derived from differently configured stilbenes including the E and Z isomers and a backbone rigidified Z system where the internal C=C double bond is incorporated into a cyclohexenyl ring. The latter induces a markedly higher torsion at the central double bond and avoids complications arising from possible Z/E isomerization. We also include a stilbenyl substituted monoruthenium vinyl complex as a reference system without the added intricacies inherent to the mixed valent character of monoxidized bis(styryl ruthenium) complexes. In making use of the Ru-CO tags we arrive at quantitative estimates of ground state delocalization in these extended metal-organic MV systems even though their comproportionation constants Kc are small and no IVCT band is readily identified.
• RESULTS AND DISCUSSION Synthesis and NMR Characterization. Scheme 1 summarizes the vinyl ruthenium complexes of the present study. They were all prepared from the regio and stereospecific insertion of the Ru-H bond of the hydride ruthenium complex RuClH(CO)(p i pr 3 )2 into the -C=CH bond of the corre sponding terminal alkyne, a reaction usually denoted as hydroruthenation. 17 This reaction is fast and virtually quantitative and provides the pure complexes after a simple purification step to remove small quantities of the remaining free alkyne. The formation of monometalated byproducts from dialkynes is avoided by slowly adding the respective alkyne to a concentrated solution of the hydride complex. The syntheSiS of the required alkyn es IH, E 2H, Z 2H and Z 2fixH as stereo chemically pure samples was, however, more tedious and required different strategies for the different isomers. E 1 Ethynyl 4 styrylbenzene, IH, 18 was prepared in 26% yield from 16672 Scheme 1 {PrlP I . .cl OC"U~R 'Pf3,P 4 ethynylbenzaldehyde and benzylphosphonium bromide via a variation of the Wittig reaction. It was separated from its previously unknown Z isomer (yield 61.9%) by chromatog raphy over Si0 2 . Pure E 1,2 bis( 4 ethynylphenyl)ethene (E 2H) was obtained from the McMurry coupling of carefully purified 4 ethynylbenzaldehyde (Scheme 2). It is a rare (if not unique) example of the use of an aldehyde bearing an unprotected alkyne function in such reactions. The rather moderate yield of 30.2% is partly due to the low solubility of the resulting E stilbene which causes considerable losses in the final purification step. Attempts to prepare E 2H via the Sonogashira coupling of E (bis 4 bromophenyl)ethene or E (bis 4 iodophenyl)ethene with TMSA (TMSA = HC=C-SiMe3) failed in our hands, most probably because of the very low solubility of the halogenated stilbene under the employed reaction conditions. The Z isomer Z 2H was prepared through a reaction sequence involving the Wittig reaction of benzylphosphonium bromide with 4 bromobenzaldehyde (63% yield), I/Br exchange with BuLi/1 2 (88%), the Sonogashira coupling procedure of Thorand and Krause l9 (91 %) and, finally, the deprotection of the ethynyl functions (79%) as outlined in Scheme 3. In passing we note that the Sonogashira coupling of Z bis(4 bromophenyl)ethene with TMSA proceeded with only low conversion and yield and that the present two step procedure via bis( 4 iodophenyl) ethene may be superior to the previous route of Babudri et al. 20 in that it avoids the use of the poorly available 4 iodobenzaldehyde.
The syntheSiS of 1,2 bis(4 ethynylphenyI)cyclohexene, Z 2fixH, starts with bromobenzene and adipoylchloride. Double Friedel-Crafts acylation provided 1,6 bis(4 bromophenyI) 1,6 dione in 25% yield (Scheme 4). Cyclization was effected by intramolecular McMurry reaction (TiCI 3 , Cu/Zn, DME) and furnished 1,2 bis (4 bromophenyI)cyclohexene in 36% yield. Subsequent I/Br exchange gave 1,2 bis (4 iodophenyl) cyclohexene (63%) which successfully underwent Sonogashira coupling with TMSA to give Z 2fixTMS with a yield of 84%. Deprotection with KOH/MeOH/THF yielded the free dialkyne in 80% (total yield: 3.8% over five steps).
All intermediates and alkynes were characterized by IH and I3C NMR spectroscopy. Details are given in the Experimental Section of the Supporting Information [SI] . Despite the gross overall Similarity of the individual spectra, the arene and olefin CH resonances of the Z iosmers are generally shifted to higher 
,r~: and p i pr 3 ligands are readily identified and give the correct integral ratios in their IH NMR spectra, Spectral differences between the Z and E isomers of the stilbenyl bridging ligands are very close to those observed for their organic precursors with the phenylene carbon resonances ortho to the central ethylene bond systematically shifted to lower and those of the neighboring meta carbons shifted to higher field for the Z isomers, Irrespective of the identity of the stilbenyl ligand, the energy of the Ru-CO stretch in the IR of 1911 cm-1 and the chemical shift of the phosphane ligands of about 39 ppm in 31p NMR are nearly identical for all complexes, X-ray Crystallography. Two of the organic precursors and all four complexes of this study were characterized by X ray crystallography. The results are displayed in Figures I, 2 , and 4-7 while Tables 1 and 2 list the most pertinent structural parameters (for details to the data collection and structure Figure 1 . Structure of complex Ru E2 in the crystaL Ellipsoids are drawn at a 50% probability leveL Hydrogen atoms of the piprJ ligands are not shown.
Figure 2. The structure of complex Ru El in the crystal. Ellipsoids are drawn at a 50% probability leveL Hydrogen atoms of the piprJ ligands are omitted for clarity.
measures the deviation of the phenyl ring from coplanarity with the central C=C double bond; a negative value denotes counterclockwise rotation. In order to also analyze the metal bonded vinyl groups in this manner we define the equivalent dihedrals Ru-C=C-C ipso as 0' (RU-Cvl=Cv2-Cil), OCRu-C=C as <1>ea and Cortho-Cipso-C=C near the ruthenium atoms (Cphl-CiI-Cv2-CVIl see Scheme 5) as <1>' . The quinoidal distortion parameter q is defined as 100-
,where d l is the (average) value of the C iICphl and the Ci2-Cph2 bond lengths, d 2 the average of the Cph2-Cphl bond lengths, and d'ql and d'q2 are the average C-C and C=C bond lengths in quinomethanes, 1.444 and 1.354 A,z l As an additional parameter we define ((J as the interplanar angle between the two phenyl rings. Also listed in Table 1 are average values of 160 structurally characterized E and of 5 Z stilbenes from the CSD database. The individual structures are interesting study cases of how the stilbenes adapt to the conflicting demands of maintaining R conjugation while avoiding unfavorable steric interactions between the protons of the vinyl CH and the 0 phenyl CH or the CH 2 protons of the cyclohexenyl ring and of establishing intermolecular interactions that guide their packing in the crystal. One should note here that the overlap between the R . orbitals of the ethylenic bond and those of the attached phenyl 16675 rings scales with cos <1>. Loss of conjugation is therefore only moderate even at torsion angles of 20°. This allows the systems considerable conformational freedom.
The structures of Ru EI, Ru E2, Ru Z2, and Ru Z2fix display all characteristic features of five coordinated ruthenium vinyl complexes of the Ru(CO)CI(pipr3)2 moiety, i.e. a distorted square pyramidal coordination of the metal ion with RU-C(vinyI), Ru-C(CO), Ru-P, and Ru-Cl bond lengths of about 1.99, 1.81, 2.41, and 2.44 A. These are unexceptional when compared to previous structures of that entity (d(Ru-C(vinyl) have been observed?3 Small e' and Cl)co values of -2.2(3) and 1.5 (4)° attest to the small torsion around the vinyl ruthenium bond and the near coplanarity of that bond to the Ru-CO vector. The latter has been traced to secondary stabilizing interactions between the filled n orbitals of the electron rich vinyl and the empty n* orbitals of the CO ligand? 4 The ruthenium vinyl group is, however, rotated by -17.8° with respect to the plane of the attached phenyl ring. Such rotation might be due to packing forces as will be discussed below. The stilbenyl unit of the complex Ru E1 shows somewhat larger distortions from an ideal E stilbene structure than dinuclear Ru E2 (Figure 2 ). While rotation of the phenyl plane at the metal bonded terminus with respect to the central and the terminal ethylene planes of 4.8(5)° (cI» or 11.6(2)° (cI>') is somewhat smaller than in Ru E2, all other torsional parameters are larger with particularly strong rotations of the phenyl ring planes with respect to each other (lp = 20.5(1)°) and of the terminal phenyl ring with respect to the stilbenyl C=C bond (Cl) = 16.6(2)°). Torsions of the phenyl rings may originate from steric repulsion between the ethylenic CH protons and the ortha protons of the attached phenyl ring. Inspection of the repulsive CH· ·· HC contacts shows, however, only small differences for the two phenyl rings. In fact, the smallest such contact is observed for the terminal ring of Ru E1 with the larger deviation from coplanarity with the olefinic bond (dCH·· ·HC = 2.167 A vs 2.219 A for the other). It is thus likely that the observed torsions are more due to the molecule. packing than to intramolecular forces.
Ru E2 crystallizes with four CD 2 Cl 2 solvent molecules per complex unit. Two of these are ordered and connect individual molecules via Ru-Cl···DCCI 2 D···Cl-Ru hydrogen bonds of 2.710 and 2.747 A to infinite stepped chains that run along a diagonal of the unit cell (see Figure 3 ). These stepped chains associate to a brick wall arrangement where a pipr3 ligand of each metal terminus of one molecule interlocks with the voids near the stilbenyl ligand of a complex molecule belonging to the neighboring chains above or below. Additional weak intermolecular contacts are established through CH · ··n interactions between ipr protons and arene carbon atoms, and, even more indirectly, via iprCH···CI 2 CD 2 ···1f interactions involving the disordered CD 2 Cl 2 molecules. These latter contacts profit from the torsion of the vinyl ruthenium moiety with respect to the phenyl plane.
Ru E1 crystallizes without a cosolvent. The most important intermolecular interactions are Ru-Cl···H-C hydrogen bonds of 2.806 A involving the vinylic proton next to the terminal styryl ring. The so associated molecules are tilted by 43.S7( 10)° Figure 3 . Packing of the stepped CD 2 Cl 2 connected chains of complex molecules Ru E2 into a brick wall type arrangement. Short intermolecular contacts are indicated by dotted gray lines. 16676 when measured by the angle between the metal bonded styryl rings. As may be seen from Figure S 1 of the SI, the tilt of the terminal phenyl ring with respect to the ethylene plane generates space in the vicinity of the vinylic proton to facilitate this interaction. Other, weaker contacts exist between the carbonyl oxygen and phenyl carbon atoms C23, C27 and C32 to ipr protons of neighboring molecules.
Molecules of Z2 Br structurally follow the usual pattern of Z stilbenes in that one phenyl ring maintains rough coplanarity to the ethylene plane while the other one tilts away in order to avoid repulsive interactions between the artha protons of the phenyl rings. This is seen here in the strongly differing values of the C ortlro-Cipso-C=C dihedrals cI> and cI>' of -84.8(5) and 22.0(5)°. This rotation places the two phenyl rings in a near orthogonal orientation (Figure 4 ). While a rotation by 22° maintains more than 90% of the maximum n conjugation, the 85° tilt signals its nearly complete loss. With e = 5.6(6)° the torsion of the central C=C double bond is, however, still small. Individual molecules of Z2 Br associate via edge to face C-Br-· ·n and C-H·· ·1f interactions to right handed helical chains that run along the b axis of the unit cell (see Figure S2 The structure of centrosymmetric molecules of Ru Z2 ( Figure 5 ) differs from that of the bromo compound Z2 Br in that both phenyl rings attain some degree of coplanarity with the central C=C double bond. This can be seen from the rather small e and lp values of -23.7 and 36.5°. Structural parameters describing the torsion around the vinyl ruthenium bond are even smaller and attest to near perfect coplanarity of the Ru-CO vector, the metal bonded vinyl unit and the attached phenyl ring. All this Signals a high degree of 1f conjugation within the entire Ru bridge Ru array despite the Z configuration at the central double bond. Unfavorable steric interactions between the artha protons are alleviated by a slight opening of the Cph-C=C angle to 132.6(4)°. This angle is somewhat more obtuse than the valljes in Z2 Br (129.7(5) and 130.2(5)°) and the average value of other Z configured diphenylethenes (129:6 ± 1.6°), including Z diphenylethene (129.5(7)°). Bond an~;es Cph-C=C are consistently smaller for E diphenylethene, Ru E2 and Ru E1, where values of 127.7(1)°, of 127.1(5)° and 127.8(2) and 125.8(2)° have been observed. Z2 fixH ( Figure 6 ) and Ru Z2fix ( Figure 7 ) constitute a pair of compounds where the central C=C double bond is incorporated into a cyclohexenyl ring. Structural studies on cyclohexenyl derived Z stilbenes are rare 25 with 1,2 diphenyl cyclohexene itself as the closest relative. Both present structures suffer from the presence of two different conformers that differ by the positioning of the two methylene groups opposite the cyclohexenyl double bond. While the structure of Ru Z2fix could be refined to a 0.587(8)/0.413(8) ratio of the two conformers, this was not possible for Z2 fixH due to the low amount of the minor conformer. This leads to unrealistically large C-C bond lengths within the aliphatic portion of the cyclohexenyl ring. · The metric parameters around the C=C bond are, however, not affected. The cyclohexenyl ring in Z2 fixH and Ru Z2fix exhibits its usual half chair conformation. The two conformers differ by the orientation of the C-C vector of the methylene groups opposite to the C=C bond with respect to the average plane of the other ring atoms (see Figure 8 ). For free cyclohexene, the coalescence temperature of ring inversion has been determined as 123 K. 26 In the crystal, the coalescence temperature will most probably be higher such that the conformers are frozen at the temperature of the diffraction experiment of also 123 K. Due to the rapid cooling process, the ratio of the conformers should reflect their relative thermodynamic stabilities. Both conformers cannot adopt an ideal geometry due to steric crowding. In the major conformer A all methylene groups adopt an almost staggered orientation but there are short contacts of 2.07 and 2.15 A between 16677 methylene protons H(57B) and H(60B) to the ortho phenyl protons H(56A) and H(24A). In conformer B such contacts are avoided at the expense of a quasi ecliptic pOSitioning of one C-H bond of each methylene group to a C-H bond at a ortho carbon atom of the attached phenyl ring. Figure 6 . ORTEP of the structure of Z2 fixH in the crystal. Ellipsoids are drawn at a 50% probability level.
Incorporation of the ethylenic double bond into a cyclo hexenyl ring causes a drastic loss of conjugation within the stilbenyl part of this structure as is heralded by the large torsional angles <1> of -55.1(3) and -50.2(3)° for Z2 fixH or 47.7(4) and 42.7(4)° in Ru Z2fix. In contrast, the central C= C double bond is only slightly twisted as is seen from the e angles of -7.5(4)° or 5.6(6)°. The previously known structures show values in a similar range (<1>: 40.4 to 57.7°; B: -6.2 and 1O.00)?5 Ru Z2fix shows the largest torsion of the terminal vinyl groups with respect to the planes of the attached phenyl rings and to the Ru-CO vector of all complexes of this study. These torsions help to avoid steric interactions between the pipr J protons of the neighboring ruthenium moieties which, nevertheless, still remain evident. This is indicated by the rather close approach of carbon atoms C44 and C66 to 3.21(2) A. In the absence of cosolvent in the unit cell of Ru Z2fix the chloride ligands form only weak Ru-Cl .. ·H-C contacts of 2.866 A with ipr proton H(41) of a neighbor molecule in such a way that one chloride ligand of each molecule contacts a proton of its partner. The box shaped "dimers" thus formed are then interlinked by several C-H .. ·C contacts involving various ipr CH 3 protons and carbon atoms of the phenyl rings. These contacts are 0.1 to 0.2 A shorter than the sum of the V dW radii (see Figure S5 of Table S3 of SI, they match the structural parameters of the real complexes well. Bond lengths are reproduced within 0.02 A.
Somewhat larger deviations are only found for the Ru-P distances which are underestimated by ~0.05-0.06 A due to the replacement of pipr3 by PMe3 in the model systems. The calculated structures, however, tend to display higher degrees of coplanarity between the individual aryl rings and the central or peripheral ethylenic bonds (dihedrals <I> and <1>' ) and the Ru-CO units and the peripheral ethylenic bonds (dihedrals <I>CO).
Thus, the calculated <l>co of -1.5° for Ru El contrasts to the 16678 experimental value of -16.7(2)°. Likewise, the calculated dihedrals <I> and <1>' averaging at 2.7° and 7.0° of Ru E2 are appreciably smaller than those found in the crystal, -6.5 (5) ° and -17.8(4)°. This supports our notion that conformations of these molecules are influenced by intermolecular interactions in the crystal lattice. IR and UV/vis spectroscopy. Stilbenes are among those compounds whose IR and UV /vis spectra have been studied with particular scrutiny. This emanates from their pivotal role as constituents of conjugated oligomers and polymers of the phenylene vinylene type and the inSight into the symmetry and structure dynamics in the ground and electronically excited states that can be gained from resolved vibronic couplings in their electronic spectra. With increasing level of knowledge and sophistication the focus has continuously shifted to utilizing stilbenes as benchmark systems for novel experimental techniques or as reference systems for evaluating the perform ance of quantum chemical methods. 27 Detailed experimentaf 8 and quantum chemical 29 studies of the vibrational spectra of E and Z stilbenes provide a solid basis for the assignment of most vibrational bands in the IR and Raman spectra of the present complexes (see Table 3 ). Representative vibrational spectra of solid crystalline (IR) or powdery (Raman) samples of the isomeric pair of compounds Ru E2 and Ru Z2 are displayed in Figure 9 . em-I for the E and the Z isomers),z9b which is a consequence of the high mass of the 4 substituent on the attached phenyl rings. The Raman bands at 1524 em-I for Ru E2 and at 1535 em-I for Ru Z2 do not seem to have equivalents in simple stilbenes and are therefore tentatively assigned as the l/( C= C) of the outer Cvl=C Yl bonds. The lower symmetry of the Z isomer gives rise to a larger number of C=C stretching and 16679 C-H bending modes in the 1240 to 1180 em-I range and causes a strong intensity decrease of the highly intense combination band (C X stretch, C-C stretch and antisym metric deformation of the phenyl rings) of Ru E2 at 1178 em-I and a red shift to 1146 em-I . We note that the IR spectrum of Ru El, where the central C=C double bond binds two different aryl substituents, has a similar band at 1197 em-I. Raman spectra of Ru Z2 and Ru E2 also feature a weak band for the Ru-CO stretch at 1911 em-I and thus at the same energy as in solution. This proves that the slightly different values for the crystalline samples are a consequence of intermolecular interactions in the crystal.
Electronic spectra of stilbenes are generally sensitive to configurational and substituent effects. Peak positions red shift as the extension of 1C conjugation within the stilben e chromophore itself and between the stilbene core and unsaturated auxochromic groups increases. The most prom inent feature in the electronic spectra of E stilbenes is a structured, low energy band with a resolved vibrational progression. This so called A band is assigned to the liAlA) --+ 1IBuCB) transition in e 2 1! symmetry. The room temperature vibrational progression of ~1340 em-I is the result of overlaying overtones and combinations of the Raman active symmetrical II(C=C) and 8(Ce=Cc-CipSO) modes and the out of plane Cc-Cipso stretching and torsional modes with additional excitations from excited vibrational states of the electronic ground state (the so called hot bands). 27c,30 In the case of the Z stilbenes, excessive overlay of the II( C=C) mode with a large number oflow frequency torsional modes blurs the vibrational progressions into a broad, unstructured absorptio n. 30 .,31 The higher energy B band resulting from the 11A,.(1A) -> 4IBu(1H+) transition is often more intense than the A band and appears at lower energy than in the E isomers.32 5uch structural and substituent effects are clearly seen for the stilbenyl ruthenium complexes of this study and their alkynyl precursors (see Figure 10 and Figure 56 and Tables 54 and 55 c in 10' r-..r'cm" of the 51). Electronic spectra of alkynes E IH, E 2H, Z2 H, and Z 2fixH resemble closely those of other, simpler stilbenes. The A band in the E isomers shows a resolved vibrational progression of ~1400 em-I. Ethynyl substitution of the E stilbene chromophore causes an incremental red shift of first 2000 em-I upon the introduction of the first ethynyl group (E IH) and then of 1200 em-I (E 2H) upon introduction of the second one. For the Z configured analogues the A band is much broader and, in the case of Z2 fixH, only observed as a shoulder on the low energy side of the more intense B Band. As for other Z stilbenes, two main peaks can be extracted with the aid of nonlinear curve fitting. The smaller impact of 2 fold ethynyl substitution on the A band position of 2600 em-I for Z 2H and of just 1100 em-I for Z2 fixH when compared to their unsubstituted parents 25 .,30. evidence that the lower degree of conjugation within the stilbene chromophore observed in our crystallographic studies (vide supra) is also maintained in solution. With red shifts of 5700 or 3100 em-I, the B band appears to be even more sensitive to alkynyl substitution.
(TD) DFT calculations on PMe3 models were undertaken in order to interpret the electronic properties of the mono and diruthenium complexes of this study. A listing of the calculated one electron energies and compositions of selected MOs in the frontier orbital region is prOvided in Table 4 while graphical representations of these orbitals can be found in Figures 57-510 of the 5I. TD DFT calculated electronic spectra (see Figure 511 of the 51) match the experimental ones very well including intensity ratios of intense features in the visible region and aid in their rationalization (see Table 56 of the 51 for band aSSignment). Electronic spectra of the stilbenyl complexes feature a band at ~19600 em-I (510 nm) whose intensity scales with the number of vinyl ruthenium moieties. This band involves excitations from the d(Ru)/Jr stilbene mixed HOMO (Ru El) or HOMO/HOMO-1 (Ru E2, Ru Z2, Ru Z2fix) to the essentially metal based LUMO (Ru El), LUMO+1, 16680 LUMO+2 (Ru E2, Ru Z2fix) or LUMO, LUMO+2 (Ru Z2). While only weakly allowed and little intense, this band is responsible for the brilliant purple red coloration of the styryl ruthenium complexes. The stilbenyl A band is the most prominent feature of the electronic spectra of every complex and, according to our calculations, involves MOs that are highly delocalized across the entire metal/ Jr ligand chromophores. They are thus assigned to 11 Jr->Jr* excitations (Table 56 of the 51). Additional coupling to vibrational modes of the (CH= CH-)RuCl( CO ) (p i pr 3 )2 "substituent" broadens the band to such a degree that even for the E isomers vibrational progression is just faintly discernible. 4 5ubstitution by one or two vinyl ruthenium moieties red shifts the A band by 4700 (Ru El), 6700 (Ru E2), 6500 em-I (Ru Z2), or 3800 em-I (Ru Z2fix) with respect to their unsubstituted parents. Vinyl ruthenium entities are thus much more powerful auxochromes than simple ethynyl substituents. The effect of vinyl ruthenium substitution is roughly equivalent to that induced by addition of an equivalent number of styryl groups (E stilbene: v max = 30000 em-Ii E,E 1,4 distyrylbenzene: von .. = 25800 em-Ii 4,4' di E styryl E stilbene: v max = 23700 cm-I ).33 The very similar effect on Ru E2 and Ru Z2 indicates that the Z isomer retains its rather small torsion in fluid solution. On the other hand, Ru Z2fix shows an even smaller red shift than Ru E1.
Electrochemistry, All four complexes of this study display deceptively Simple voltammograms (CH2CI2/NBu4PF6' rt) consisting of one chemically reversible and one chemically irreversible wave, both associated with similar peak currents (Figure 11 ). This matches the wave pattern for alkyl or aryl substituted mononuclear vinyl ruthenium complexes.
l2h The half wave potential of what appears to be the first wave follows the ordering Ru E2 (EI /2, .pp' = 0.100 V) ~ Ru Z2 (EI /2, .pp' = 0.105 V) < Ru Z2fix (EI /2, app' = 0.164 V) < Ru El (EI /2 = 0.184 V), which is readily explained on the basis of the number of vinyl ruthenium donors and the degree of conjugation within the styrene core. Thus, more electron rich dinuclear complexes are easier to oxidize than monorutheniUll) complex Ru El, and the less distorted dinuclear complexes derived from the simple Z/ E stilbene are easier to oxidize than Ru Z2fix. The half wave potentials are substantially lower as the irreversible peak potentials measured for the parent stilbenes of ~ 1.10 and 1.25 y<S.,b,34 and reflect the strong donor capabilities of the vinyl ruthenium "substituents", clearly ' surpassing those of the methoxy group (Ep ~ 0.79 V for E 1 methoxy 4 s~lbenze ne,6b Ep ~ 0.68 V for E bis(4 methoxyphenyl)ethene) b,34 and being just slightly inferior to those of the dimethylamino group (ii) The diriuthenium complexes exhibit larger peak to peak potential differences and larger half widths of the forward (anodic) peak for the first, chemically reversible couple than expected for a simple Nernstian system and observed for Ru E1. Zooming in on the first wave of Ru Z2fix, one clearly notes inflections on the cathodic realm of the forward and the anodic realm of the reverse peak (Figure 512, 51) . This is suggestive of a wave composed out of two closely spaced, individual one electron waves. In such a scenario, which is usually denoted as an EE process,35 the forward peak half widths and peak potential separations are sensitive to the splitting of half wave potentials and may be either smaller (~EI /2 ~ 36 mY) or larger (~EI62 ~ 36 mY) than those for a Nernstian one electron process,3 As will be discussed in a later section, stepwise oxidation by slowly scanning through the first oxidation waves of diruthenium 16681 complexes Ru E2 and Ru Z2fix clearly established their two electron nature and the presence of two successive one electron events, Similar observations have already been reported for other polyenes, e,g" carotenoid derivatives,37 Individual half wave potentials of the two underlying one electron couples were determined by digital simulation of the voltammograms (DigiSim, see the SI for details), and the results are illustrated in Figure 12 and summarized in Table 5 . Their splitting amounts to just 49 (Ru E2) or 74 mV (Ru Z2fix). While being too small to allow for a resolution of the composite wave into two individual ones, they are still larger than the 36 mV limit expecte.d in the case of two interconnected, but mutually insulated redox centers. 35 ,38 These redox centers are readily identified as the two styryl ruthenium subunits which are interconnected via the central ethylenic bond. On the basis of the observation of two consecutive one electron steps, the radical cations resulting from one electron oxidation are to be considered as being mixed valent. While there is no direct relation between the half wave potential splitting and the strenPi'h of the electronic interaction between coupled redox sites, 2,,15.,39 the rather small values of ~EI/2 and of the comproportionation constant Kc (Table 5 ) suggest that they belong to Class II according to the Robin and Day classification scheme'4 with only a weak or modest coupling between them. We will describe in a later section how we can directly probe for these interactions and quantitatively measure their magnitude by IR spectroelectrochemistry in making use of the Ru-CO "markers". Before turning to that issue we address the odd electrochemical behavior of Ru Z2, which could finally be traced to an electrocatalytic isomerization.
Electrocata lytic Isomerization of Ru-Z2 to Ru-E2. Despite the rather substantial differences in peak potentials observed for other E/Z isomeric pairs of organic stilbenes,6b the CVs of Ru E2 and Ru Z2 appeared to be basically identical. This prompted us to study the electrochemical behavior of Ru Z2 in greater detail. A close inspection of voltammograms recorded during the first scans in freshly prepared electrolyte solutions revealed a small inflection on the cathodic realm of the forward peak (see Figure S12 of the SI) which disappeared after a few scans. This inflection is highly reminiscent of a catalytic prewave as it is sometimes seen in electrotriggered isomerization or substitution reactions. 43 This overall behavior roused our. suspicion that electrocatalyzed Z~E isomerization may operate for oxidized Ru Z2, noting that such processes are well precedented for the oxidized or reduced forms of Z stilbenes. 6b ,44 In order to directly probe for such isomerization, we devised an experiment that builds on the distinct UV /vis spectra of complexes Ru E2 and Ru Z2. To a freshly prepared solution of Ru Z2 we added substoichiometric amounts of ferrocenium hexafluorophosphate, Fc+ PF 6 -. As it is evident from Table 5 , electron transfer from Ru Z2 to the ferrocenium ion is an endergonic process. It is already endergonic by 66 m V, i.e. ~6.5 kJ/mol, for Ru E2. Given the fact that oxidation potentials of Z stilbenes are usually 110-150 mV higher than those of their E isomers and given the higher oxidation potential of Ru Z2fix when compared to Ru E2, this should be even more so for Ru Z2. The chemical equilibria in eqs 1 and 2 16682 should therefore be displaced far to the left with only little Ru Z2"+ formed. Given the small separation of half wave potentials between the first and the second oxidation processes of the stilbenyl complexes, the disproportionation equilibrium in eq 3 must also be taken into account. Following the principle of Le Chatelier, an irreversible isomerization of Ru Z2"+ to its thermodynamically more stable E isomer, Ru E2"+ (eq 4), will Siphon any Ru Z2"+ out of the former, reversible redox equilibria and drag the chemical reaction, despite the unfavorable equilibrium constant of the initial step(s) . The final step of the reaction is exergonic back electron transfer from ferrocene or from Ru Z2 to Ru E2"+ (eqs 5, 6) and ultimately yields neutral Ru E2. Please note here that, because of the coupled irreversible oxidation, the peak position of the catalytiC prewave does not correspond to the thermodynamic half wave potential of the Ru Z2o/+ couple,43.,45 which is expected to be positive of the Ru E2o/+ one. 6b A cross reaction between Ru Z2 and Ru E2"+ would then trigger another reaction cycle and render the overall process electro catalytic. This is exactly what we observed in this experiment. In the presence of substoichiometric amounts of Fc+ PF 6 -, Ru Z2 is partially converted to neutral Ru E2 within ~5-1O min. Figure  13 depicts two representative sets of spectra accumulated during the isomerization process and demonstrate that the isomerization occurs with clean isosbestic points. We should point out here that none of the intense Vis/NIR absorptions of Ru E2"+ or Ru Z2"+ (vide infra) are observed at any stage of the reaction and that, in the absence of Fc+ PF 6 -, Ru Z2 is stable under these conditions. Ru -Z2 + Fc + :;::::t Ru -Z2o+ + Fc Ru -E2"+ + nRu -Z2 +Z Ru -E2 + nRu -Z2(3 -,,)+ (6) Under the conditions of high dilution and in the presence of substoichiometric amounts of the weak oxidant Fc+ PF 6 -the isomerization reaction can, however, not proceed to completion. This is clearly seen from the ratio of the absorbances at the peak wavelengths of Ru E2 after the reaction has come to an end and of original Ru Z2 and its comparison with those observed for pristine samples of these compounds (Figure 10 ). Even with the same percentage amount of the oxidant, conversion decreases at lower initial concentration of Ru Z2 (compare the two data sets in Figure  13 ). This restriction, however, vanishes during potential sweeps when the electrode provides an electron sink of infinite capacity. Complete isomerization is thus readily accomplished under the conditions of cyclic voltammetry and spectroelec trochemistry (vide infra).
As for the Z-> E isomerization itself, there are various mechanistic alternatives that differ with respect to whether this process occurs at the radical cation or at the dication level and whether it follows a monomolecular or a bimolecular process. Investigations of electrotriggered isomerizations of stilbenes have provided f,recedence for several different mechanistic alternatives.
6b ,44, 6 A more detailed discussion of that issue is, however, beyond the scope of the present paper and will be reported separately. Suffice to say that the main impact of redox processes is to depopulate the HOMO (oxidation) or to populate the LUMO (reduction). Both frontier orbitals receive strong contributions from the central ethylenic bond with a bonding interaction for the HOMO, but an antibonding one for the LUMO. Oxidation or reduction thus have both the effect of weakening the central C=C bond, thereby decreasing the energy barrier for Z -> E isomerization.
Spectroscopic Investigations on the Oxidized Forms.
The chemical reversibility of the first or first two oxidation waves of the stilbenyl ruthenium complexes allowed us to generate and investigate their various oxidized forms inside an optically/NIR/IR transparent thin layer electrolysis cell (see the Experimental Section in the SI for details). Upon oxidation, vinyl ruthenium complexes RCH=CH -RuCl( CO) (PR3)2L
usually show a blue shift of v( CO) for the ruthenium bonded carbonyl ligand as well as more irregular shifts of the Ru-CH=CH and the HC=CH and ring vibrations of the attached aryl substituent. The former results from a decrease of Ru(dn) to CO(n*) back donation. Rather small CO band shifts provide one piece of evidence for the only moderate ruthenium contribution to the HOMO, which is the relevant redox orbital in such systems. In fact, our calculations indicate that the metal contribution to the HOMO amounts to 16-19% (see Table 4 ). A steady decrease of the oxidation induced blue shift of the CO stretch with respect to the neutral, .a.ii(Ru-CO), with increasing conjugation length has been documented for a series of complexes with hexenyl, styryl, and vinylpyrenyl Iigands.' 2h Even for the simple hexenyl complex, the CO band shift is just about half of that of 130 cm-' observed for the Ru-16683 C0 3 (PR 3 )2 benchmark systems of Gladfelter et al. 47 Most relevant for the present study is the styryl complex PhCH= CH-RuCI(CO)(pipr3)21 where .a.ii(Ru:-CO) amounts to 65 cm-'. The smaller .a.ii(Ru-CO) value of 56 cm-' observed for complex Ru El is therefore a token of an even smaller metal contribution to the HOMO on further extension of the unsaturated organic ligand (Figure 14 and Table 3 ). Further On the basis of their close resemblance to IR and Raman active Cph-Cplll C,-C plll and CH deformation modes of stilbenes we propose a similar aSSignment here. The observation of a weak band for that mode in the neutral and the intensity gain for all these vibrations upon oxidation are likely a consequence of the lower symmetry of the unsymmetrically substituted stilbenyl core of Ru El and an increased dipole moment change for these vibrations at the radical cation level, where the hole largely localizes on the electron rich styryl ruthenium subunit. The first composite voltammetric wave of the dinuclear complexes Ru E2 and Ru Z2fix comprises the consecutive 0/+ and +/2+ steps. As a consequence, IR spectroscopic changes follow a more complicated pattern. When slowly scanning through this wave one first observes an intermedjate pattern of two Ru-CO bands where the one at lower energy is slightly blue of the CO band position in the neutral ( Figure IS , Table   3 ). Concomitant spectroscopic changes in the 1650-1480 cm-' and the 1200-1000 cm-' regions resemble those observed for Ru El with a decrease of the initial bands for the C=C, C-H, and ring modes and the growth of new, more intense ones at lower energies. The higher intensities of the shifted v(C=C) bands for the radical cations imply again an increaSing dipole moment change during the respective vibration and, probably, also a higher dipole moment in the ground state. Of particular note is the high intensity of the 1150 cm-' vibration in the case of Ru E20+ and the splitting of this band into two different absorptions, each of medium intensity, for Ru Z2fixo+. At later stages of the electrolysis and after reaching higher potentials, the intensities of these bands pass through a maximum and then decrease along with some additional band shifts. Such behavior is most obvious for the highly intense 1150 em-I band of Ru E2H and the multiple C=C modes of Ru Z2fixH. At the same time, the lower energy Ru-CO band disappears while the one at the higher energy intensifies and experiences a further, incremental blue shift. All these observations are well accommodated by a stepwise oxidation of the neutral complexes by two electrons with distinct spectroscopic signatures of the intermediate radical cations. In spite of the rather small comproportionation constants, the latter are therefore dearly observable as separate species. This statement finds further support from our observation of extremely broad and intense features in the 4500-6000 em-I region, whose growth and disappearance parallels that of other radical cation bands in the mid IR. As will be discussed in the following section, these bands are due to low energy electronic transitions. Quantum chemistry provides a qualitatively satisfactory fit with our experimental data. In the course of oxidation an electron is withdrawn from the bridge dominated lC HOMO (Ru4d contribution 16-19%). It was shown that larger admixture of HF exchange and/ or the inclusion of solvation effects is necessary for qualitatively correct descriptions of electron delocalization in mixed valent systems of that type 8d ,9c, IOf,48 and hence the interpretation of oxidation induced CO band shifts in the IR After inclusion of PCM solvent correction and the use of the hybrid M05 functional the calculated sequence of CO frequencies listed in Table 6 reproduces the experimental data reasonably well. Geometry optimization of the radical cations leads to a broken symmetry solution and to a split of the originally degenerate CO stretching frequencies for the radical cations.
Electronic spectra of stilbenyl radical cations are charac terized by intense low energy absorptions at ~ l3250 and 20000 em-I (750 and 500 nm).5a,49 These so called A and B bands emanate from the HOMO-3 --+ HOMO and the HOMO--+ LUMO excitations (using the orbital denominations of the 16684 -El 1908 , 1911 , Ru-E1" 1935 , 1967 , Ru-E2 1911 , 1913 1911 Ru-E2" 1918 , 1950 1921 , 1954 Ru-E2" 1968 , 1972 ' 1976 , 1977 d 1964 Ru-Z2 1908 , 1909 1911 Ru-Z2fix 1908 , 1909 1910 Ru-Z2fix" 1910 , 1969 1913 , 1956 Ru-Z2fix" 1977 , 1979 ' 1974 ,. 1978 d 1963 aCalculated frequencies are scaled by a factor of 0.932. "v) and V 2 denote the Ru-CO stretches of the CO ligands bonded to atoms Rul and Ru2, respectively. ' Calculated for UKS Singlet diradical state. dCalculated for UKS triplet state.
Ru
corresponding neutral). The radical cations of Z diphenyle thene (ii = l3300 em-I) and of the more distorted Z 1,2 diethyll,2 diphenylethene (ii = 14800 em-I) provide in structive examples of how the energy of the A band increases with increasing torsion at the central ethylene bond. As for the neutrals, deviations from coplanarity are accompanied by a loss of vibrational fine structure. 49 The spectrum of electrogenerated Ru El°+ (Figure 16) shows all the features of organic E stilbenyl radical cations. As for the neutral, the A band is notably red shifted from that of oxidized 1,2 diphenylethene (Table 7 ) and closer to that of the E,E distyrylbenzene (ii = 8850 cm-I )50 or the E,E 1,4 bis(4 methylstyry\)benzene radical cations (ii = 8330 cm-I ).51 The substantial absorptivity and the vibrational fine structure of the A band clearly indicate its lC--+ n* parentage and that the planarity of the neutral form is retained or even increased. Radical cations of the dinuclear complexes Ru E2 and Ru Z2fix are observed as intermediates in the oxidation process. They are readily identified by their distinct low energy absorptions that extend from the NIR into the mid IR and peak at ~4900-5000 em-I ( Figure 17 , Table 7 ). In passing, we note that their energies are much smaller than those observed for oxidized 4,4' (bisdiphenylamino) E stilbene (6760 cm-I),sl E,E distyryI4,4' E stilbene (6944 cm-I )53 and come close to those observed for the polarons (solitons) of fully conjugated, un substituted PPVs, where a limiting value of 5650 em-I (1770 nm, 0.7 eV) is reached. 54 They also resemble the radical cations of donor substitutedilonger chain OPVs like an E,E distyryl E stilbene built exclusively from 2,5 dialkoxysubstituted benzenes (5300 cm-I ).55 The position of this low energy NIR band is virtually identical for Ru E2" and Ru Z2fix". We note, however, that this band is less broad and considerably more intense for Ru E20+ than for Ru Z2fix". The latter is a likely consequence of the higher torsion at the central ethylenic double bond. 5 ., 49 Other absorptions at higher energies also vary little with double bond configuration.
Further oxidation results in the disappearance of the band at the lowest energy, the increase of the other one near 11000-12000 em-I and the growth of new bands at even higher energies. The prominent feature in the electronic spectrum of Ru E2l+ is the new A band at 11800 em-I. The equivalent band (1300) 19600 (1200) 19400 (800) A-band
10500 (14300) 12000 (sh) 4900 (14400) 5900 (11200) 5000 (1900) A-band Pm,," (e)b of Ru Z2flr+ is similar in position but again much broader and weaker (Table 7) . The B bands follow just the opposite order of intensities: While it is just a relatively weak unstructured feature in Ru E22+ it appears as a strong, richly structured absorption in the case of Ru Z2flr+ (Figure 17 ). Only few literature data seem to be available on the electronic spectra of dioxidized phenylene vinylenes of finite chain lengths that could serve as a point of comparison with our data. A broad absorption at 10100 em-I was re~orted for the E,E bis 1,4 (4 dimethylstyryl)benzene dication, I while exhaustively doped PPVs display a broad bipolaron band at ~7500-4300 cm-I . 54 ,56 Dioxidized 1,4 divinylphenylene and stilbenyl bridged triarylamine dications display rather sharp and intense bands at 11100 and 9300 em-I, respectively.16c
One should add here that the high degree of chemical reversibility observed in cyclic voltammetry also holds for the considerably longer time scale of the spectroelectrochemical experiments. Spectra of Ru E2°+, Ru Z2fixn+ collected on the reverse sweep, i. e. on back reduction to first the radical cations and then the neutrals, mirrored those observed during the forward, anodic sweep. After completion of the full cycle, the corresponding neutrals were obtained in spectroscopic yields of >95%.
The results of spectroelectrochemical studies of Ru Z2 support our previous notion of an electrocatalyzed Z->E isomerization. Scanning the potential of the thin layer cell to the onset of the oxidation wave under IR monitoring causes a rapid shift of the characteristic C=C bands of Ru Z2 at 1537 and 1504 em-I to exactly their position in the E isomer Ru E2, 1539 and 150S em-I. Similar observations were made in the UV /vis/NIR experiment.
At the initial stages of the electrolysis and after passage of a small amount of charge, the bands of Ru Z2 give way to those of Ru E2 with little formation of Ru E20+ (see Figure S13 of the SI). The time scale of the isomerization seems, however, to vary between these two experiments. While under UV /vis/NIR monitoring Z -> E isomerization required ~ 120 s, the 1R reaction was already complete after the first two scans (~20 s). The only difference between these experiments is the higher concentration of the analyte in IR spectroelectrochemistry. This points, though in a somewhat circumstantial manner, to reaction kinetics for the isomerization process that are higher order in radical cation concentration. Increasing the potential further causes the gradual conversion of Ru E2 to Ru E20+ and then Ru E2 2 +, and final back reduction gives exclUSively Ru E2.
Quantitative assessment of the spectra of the radical cations of Ru E2 and Ru Z2fix is complicated by the small , comproportionation constants, the overlap of some bands with those of the dications or of the neutrals and the fact that the electrolyses could not always be pursued to full conversion to the dications because of some diffusional processes inside our OTTLE cell on the long electrolysis time scale. This imposes a particular problem for the accurate determination of the Ru-CO band positions in IR spectroscopy, where the oxidation induced shifts are rather small. Two coupled Nernst equations are needed to describe how the respective amounts of neutral A, radical cation A O + and the dication A2+ in the spectroelectrochemical experiments depend on the applied potential. Concentration profiles were calculated from the known half wave potentials of the first and the second oxidation, EI/ 2 o/+ and EI/2+/ 2 +, and under the assumption that the total complex concentration remains constant throughout the electrolYSiS (see Figure S14 of the SI). The only point where the concentrations of all three species can be determined is when the concentration of the radical cation reaches its maximum. At this point the concentrations of the neutral and the dication are mutually equivalent such that eq 7 holds, where coCA) is the total concentration of A in any oxidation state and A'I+ represents a complex in its respective oxidation state. Gratifyingly, that point is readily identified due to the specific low energy absorptions or the intense C=C IR modes of the radical cations. Iterative nonlinear curve fitting with the known spectra of the neutrals and the relative fractions of all three redox forms at the point of maximum concentration of the radical cation allowed us to calculate the authentic spectra of all redox species involved in the electron transfer sequences. The reader may consult Figure SIS of the SI for the results of the fitting procedure for the IR spectra in the range of the Ru-CO bands. (7) Solutions containing the radical cations Ru Elo+, Ru E2"+ and Ru Z2fix°+ for EPR measurements were generated by chemical oxidation of the corresponding parent neutral with one equivalent of acetylferrocenium hexafluorophosphate. At room temperature or when frozen at 103 K they display intense EPR Signals at g values that come close to the free electron value go of 2.0023. Spectra in frozen solution are of the axial type but the g tensor anisotropy is conSiderably smaller than for other paramagnetic organometallic species with a more pronounced Ru(III) character. 57 Room temperature solution spectra are richly structured with hyperfine splittings arising from coupling of the unpaired spin to two 31p and one 99/ 101 Ru (Ru EIO+) or four identical 31p and two identical 99/IOIRu nuclei (Ru E2°+, Ru Z2fix°+). Experimental and simulated rt solution spectra are compared in Figure IS , while the experimental EPR parameters and hyperfine splitting constants are compiled in Table S couplings of7.1S and 3.12 G to two different I = 1/2 nuclei had to be included to obtain a satisfactory fit, and these are assigned to the a and (J vinyl protons, Ru -CH and RuCH=CH.
Calculated EPR parameters and average hyperfine splitting constants to 31p and 99/101Ru nuclei are listed in Table S7 of the SI and prOvide an overall good fit to the experimental ones. Their EPR parameters characterize these radical cations as metal perturbed organic paramagnetic species with a mainly ligand centered spin, just as it was found for similar oxidized styryl ruthenium complexes. lOC ,lln,12h . Two further details are worth of mention here. First, the observation of identical hyperfine splitting constants to two RuCI(CO)pipr2)2 moieties in Ru E2·+ and Ru Z2fix<+ and the reduction of the hyperfine splitting parameters by a factor of ~ 1/2 with respect to Ru El <+ indicate complete spin delocalization within these systems and a symmetrical spin denSity distribution across the two styryl ruthenium subunits. Based on these results, both radical cations can therefore be assigned as belonging to Class III of mixed valent (MV) compounds on the EPR time scale of ~ 10-8 s. Second, due the rather low equilibrium constant of the comproportionation reaction (vide ante) Ru E2·+ and Ru Z2fix·+ are in equilibrium with their dioxidized dications and the neutrals. Under any experimental conditions, the only signals detected were, however, those of the radical cations. This lets us conclude that the dications have a singlet ground state and that the excited triplet state is too high in energy to be populated to a detectable limit at rt.
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Aspects of Charge Deloca lization of the Radica l Cations. Vibrational spectroscopy is an ideal tool for probing intrinsic charge delocalization of MV systems on the short vibrational time scale. Utilization of metal-carbonyl stretches to these ends has ample precedence as shown bI-the elegant work particularly of Geiger l3a -c and Kubiak l3 -g and can, under favorable circumstances, provide accurate electron transfer rates and reveal the entanglement of bridge vibrations and solvent dynamics in electron transfer processes. The observation of a pattern of two Ru-CO bands for Ru E2<+ and for Ru Z2fix<+ with distinct CO bands different from those of the neutrals and the dications and the intensity gain for the vinyl C=C bands indicate that the charge (electron hole) created during the first oxidation process is unevenly distributed over the two styryl ruthenium subunits. Partial charge localization is also indicated by quantum chemical calculations on the PMe3 model complexes Ru E2 Me .+ and Ru Z2fixMe<+. Structure optimization with inclusion of the dichloromethane solvent within the polarizable continuum (PCM) model produced noncentrosymmetric structures where one styryl ruthenium subunit experiences only minor structural changes when compared to the neutral whereas the structural parameters of the other corne close to those calculated for the respective dication. Structural changes on oxidation include a shortening of the Ru-C v1 and the C v1 -C il bonds, an elongation of the C v1 =C v2 bond and a higher degree of quinoidal distortion of the attached phenylene ring at the primary oxidation site (see Table 9 ). We also observe a clear trend toward a planarization of the entire metal-organic If system. Thus, the Cph2,-Ci2,-Ce,=Ce and Cphl-Cil-Cv2=CV l dihedral ofRu E1 Me (el> and el>' in Scheme 5) change from 11.3 and 11.6 0 to 0.20 or 0.0 0 upon oxidation. Similar trends are also see n in going from Ru E2 Me to Ru E2 M ... and to Ru E2 Me 2. with slightly lower torsions for the" oxidized" site. Owing to the more rigid cyclohexenyl backbone, hardly any conformational change is seen for the members of the Ru Z2fix'" redox series.
This pattern is identical to the one observed on oxidation of purely organic stilbenes and finite phenylene vinylene oligomers. It has been shown that the predicted expense of the structural distortions and the number of phenylene vinylene units that are affected by oxidation (i.e., the conjugation length of the polaron) strongly depend on the quantum chemical approach and the functional used in the calculations. 5c The DFT with large admixture of HF exchange in the hybrid functional used here has been shown to perform well for mixed valent vinyl and similar alkynyl bridged diruthenium or diiron complexes, 8d,9c, 1 0(,48 It is worth noting that symmetry breaking and charge localization occur only after the inclusion of the solvent while gas phase calculations inevitably led to inherently centrosymmetric structures, Similar results have been obtained for bridged bis(triarylamine)radical cations.
8d ,48a It has long been known that the solvent environment exerts a strong influence on a mixed valent system and may tip the scale toward either a localized (valence trapped) or a delocalized (valence detrapped) electronic structure. 58 The spin denSity plots in F~re 19 illustrate that the structural asymmetry of Ru E2 eo+ and Ru Z2~'" also carries over to their electronic structures. Moreover, the calculations correctly furnish a pattern of two Ru-CO bands with overall CO band shifts close to the experimentally observed ones (Table 6) , Complete spin delocalization is, however, observed on the slower EPR time scale, indicating that intramolecular electron transfer from the reduced styryl ruthenium subunit to the oxidized one occurs at a rate in between the EPR and IR time scales of 10-8 and 10-12 s, respectively.lOC,13b This adds the compounds to the growing list of "almost delocalized" mixed valent systems. 59 For dications Ru E2 Me2 + and Ru Z2~e2. the DFT calculated (MOS/PCM) energy differences of Singlet and triplet states are only small. In the case of Ru E2 Me2 • the Singlet is calculated to be at lower energy (AG := -0.07 eV), while for Ru Z2~e2' the triplet is calculated at slightly lower energy with AG of 0.03 eV.
The relevance of the two Ru-CO band pattern reaches, While the exact numbers may be somewhat compromised from remaining uncertainties associated with fitting procedures, it is nevertheless clear, that Ru E2 o. is much more delocalized than Ru Z2fixo+. As has been pointed out on several occasions there is no direct relation between AEI/2 or Kc and electronic coupling37,61 despite many such notions in the literature. The small AEI /2 values of Ru E2 and Ru Z2fix merely reflect the relatively small thermodynamic stabilities of the radical cations with respect to the bordering neutrals and dications and are more affected by electrostatics than by the electronic coupling term. This is readily reconciled with the closer spatial proximity of the styryl ruthenium subunits ' in Ru Z2fix°' compared to Ru E20+. When considering the small magnitude of the redox splitting, the degree of ground state delocalization is never theless astoundingly large for both isomers, and, in particular for Ru E2°', Thus, the 1,3 and 1,4 isomers of diethynylphe nylene bridged diruthenium complexes trans [{Cl(dppe) As was already mentioned in the introduction, the analysis of the intervalence charge transfer (NCT, Class II) or charge resonance band (CR, Class III) provides in principle the most general access to the electronic coupling Va. of a mixed valent (MY) system. In the present case, however, we were not able to identifY an NCT band for the radical cations. As has been discussed in a previous section, the rather intense low energy transitions assume the character of Jr--'> Jr* absorptions within a highly delocalized metal-organic Jr chromophore and resemble those of the radical cations of purely organic oligo (phenylenevinylenes Before closing, we draw an interesting analogy between triarylamine based MV systems and the styryl bridged diruthenium complexes of the present study. Both have in common, that the redox orbitals are not confined to the appended "redox sites", i. e. Ar2N-C 6 H4 and (pipr3)2(CO)
CIRu but spread to a significant degree onto the nominal bridge. Va. parameters have been measured or calculated for several stilbenyl, arylethynyl, and arylene bridged bis (triarylamine) radical cations, with Barlow's vinyl, divinylphe nylene and divinylstilbenyl bridged radical cations N2 Vi'+ and N2 DVP'+ of Chart 1 as the closest relatives of our present localized MY system of Class I and 0.5 for a fully de localized MY system of Class III. These parameters should thus be related). This suggests that the vinyl ruthenium {Ru} -CH= CH-moiety comes close to the An 2 N-C 6 H 4 -CH=CH-(An = p anisyl, 4 OMe-C 6 H 4 ) one with respect to its ability to form extended Jr conjugated and electronically coupled mixed valent systems. It will thus be of interest to prepare and investigate triarylamine bridge-vinyl ruthenium conjugates that blend both motifs in one compound. Work along these lines is being detailed in a forthcoming paper.66
• CONCLUSIONS
We are presenting here an in depth study of a monoruthenium stilbenyl and three distyrylethene bridged diruthenium com plexes that differ with respect to the configuration (E isomer Ru E2 versus Z isomer Ru Z2) and the degree of conforma tional and configurational freedom (simple Z isomer vs the backbone rigidified derivative Ru E2fix where the central C= C double bond is incorporated into a rigid cyclohexene ring) at the central C=C double bond. Attachment of vinyl ruthenium subunits has the effect of (i) increasing the conjugation length of the organic Jr system in the same manner as adding an equivalent number of conjugated styryl units, (ii) decreasing the oxidation potential of the parent by about 1 V with respect to the parent phenylene vinylene, and (iii) increasing the number of easily accessible redox states by one per vinyl ruthenium subunit. "Substituent effects" on the position of the intense UV /vis bands reveal that the simple Z isomer maintains a large degree of Jr conjugation along the unsaturated backbone while the effective conjugation is much more limited in backbone rigidified Ru Z2fix. This mirrors conformational trends in the solid state structures of these complexes. Dominant transitions in the UV /vis closely resemble those in the parent arenes as follows from their similar appearance and the results of TD DFT calculations. Voltammetric studies and accompanying digital simulations indicate that the dinuclear complexes Ru E2 and Ru Z2fix are oxidized in two separate one electron steps with small differences of their half wave potentials /1EI/2 (49 and 74 mY) and small comproportiona tion constants (7 and 12, respectively). Oxidized Ru Z2 is configurationally unstable and readily converts to the E isomer Ru E2 by an electron transfer catalyzed isomerization process. That isomerization is also triggered by weak oxidants even when the initial electron transfer is endergonic.
Oxidation of these complexes involves a predominantly bridge based HOMO which is unevenly distributed over the two styryl ruthenium subunits. Owing to specific "marker" bands in the infrared (IR) and near infrared (NIR) spectra, the radical cations could spectroscopically be identified as separate species in spite of the small /1EI /2 ' and Kc values. Phenomenologically, charge localization on predominantly one of the styryl ruthenium sites leads to a pattern of two Ru-CO bands in the IR spectra of the mixed valent radical cations. This contrasts to full spin delocalization on the slower EPR time scale as is deduced from the analYSis of the resolved hyperfine splittings for radical cations Ru E2-+ and Ru Z2fix-+. Intramolecular electron transfer from the reduced to the oxidized styryl ruthenium site thus occurs at a rate in between the time scale inherent to the EPR (~1O-8 s) and the IR experiment (~1O-12 s). Analysis of the relative CO band shifts of the mixed valent radical cations with respect to the isovalent neutrals and dications allows us to quantify the ground state delocalization as ~20% for Ru E2'+ and ~1O% for less conjugated Ru Z2fixH. These values are rather large when considering the small I:l.EI/2 values observed in cyclic voltammetry. Quantum chemical calculations deliver a near quantitative description of the experimentally observed local ization/ delocalization properties as is evident from the calculated structural changes and CO band shifts upon stepwise oxidation and EPR hyperfine coupling constants. The present work once more demonstrates the great utility of the (CH= CH)RuCI(CO)(PR 3 )n "electrophore" in directly and quantita tively assessing the degree of ground state delocalization in mixed valent systems incorporating such units.
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